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Abstract: The objective of this work was to investigate the effect of sodium caseinate concentration
on physical-chemical properties of coating solutions and films obtained by casting as a starting
point for the development of an active coating for minimally processed fruits or vegetables. Sodium
caseinate solutions at different concentrations (4%, 8%, 10%, 12%, 14%) were used as a coating system.
The coating viscosity and desorption kinetic were characterized. Minimally processed fennels were
coated by dipping and the liquid and dry coating thickness were estimated by assessing the amount
of coating on fennel during draining as a function of solution properties (concentration and viscosity).
Film obtained by casting were also characterized in terms of equilibrium moisture content, color,
and water vapor permeability. The potential of using the sodium caseinate solution to obtain active
coating was investigated by adding gallic acid or rosemary oil to sodium caseinate solution at 4%.
The antioxidant capacity of the coating was evaluated by DPPH test. Results show that sodium
caseinate solutions follow a Newtonian behavior in the range of concentration investigated and the
viscosity increased as solids concentration increased, following a power law. The drying rate was in
the range 0.0063–0.00107 mgH2O·mgsolids
−1
·min−1·m−2 as a function of sodium caseinate concentration.
The average liquid and dry coating thickness on fennels were in the range 20–70 and 0.7–6.4 µm,
respectively. The water vapor permeability slightly decreased as the solid concentration increased.
Active coating showed good antioxidant properties.
Keywords: viscosity; desorption kinetic; coating thickness; gallic acid; rosemary oil; water
vapor permeability
1. Introduction
Edible coatings are a promising preservation technology that allow to extend the shelf life of food
products, slowing down their quality decay through the reduction of mass transfer of gas, moisture or
aromas. In addition, coatings can be used as carrier of active/functional additives that can contribute
to the shelf life extension and/or improve food nutritional quality [1]. Protein-based coatings have
shown promising results in extending the shelf life of fresh-cut fruits and vegetables related to their
excellent gas barrier characteristics and good mechanical properties. The coatings’ ability to modify the
atmospheres surrounding fruits and vegetables allow to slow down their respiration rate, extending the
shelf life [2]. Among naturally occurring proteins, casein and its derivatives have been extensively
studied due to their availability, low cost, and complete biodegradability. Sodium caseinate (SC) is
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obtained by acid precipitation of casein and can be considered an interesting biomaterial for food
packaging, due to its excellent thermoplastic and film-forming properties [3]. The high degree of
inter/intra molecular interactions make the casein film stiff and brittle; thus, a plasticizer, such as
glycerol, polyethylene glycol (PEG) or sorbitol, is required [4].
Sodium caseinate coatings were able to prevent weight loss of Bing cherries after 60 days of
storage at 4 ◦C [5] but did not preserve the polyphenols of berry cactus fruit. A previous study reported
that 2% sodium caseinate coating reduced the weight and ascorbic acid loss of apricot after 42 days
of storage at 4–6 ◦C [6]. The coating performance is affected by the coating thickness on the food
product [7] which, in turn, depends on the composition and viscosity of the solution/dispersion used
to make the coating [8].
Aiming to prolong shelf life, maintain food quality, and reduce the use of synthetic preservative
(i.e., citric acid, benzoic acid, sorbic acid, propyl gallate, sodium nitrite) [9], many studies have been
focused on active packaging, obtained by adding natural substances such as polyphenols, to extend
the shelf life of food [10].
Gallic acid (2,3,4-trihydroxybenzoic acid) is a natural phenolic compound present in many plants,
either as a free acid or as a component of tannins, that acts as strong free radical scavenger and is
commonly used to prevent lipid oxidation in processed food [11]. The content of gallic acid in food
matrix ranges from 103 to 105 µg/g for oregano and sage herbs, from 783.5 to 2375.7 mg/100 g of dry
weight for clove, and from 276 to 907 mg/100 g of fresh weight for Portuguese chestnut [12–14].
Rosemary essential oil (REO) is known for its strong antioxidant properties and several studies
have demonstrated the effectiveness of REO for controlling the oxidation of food products [15–17].
The IC50 of REO extracted from different rosmarin plants was found to be in the range of 16.45 to
23.80 mg/mL [18] and from 33 to 164 µg/mL [19].
Although extensive research has been done in the area of edible films and coatings for fresh and
minimally processed fruits and vegetables, many of the results of the scientific literature are not easily
applicable to cases and conditions other than those investigated due to its empirical nature.
The objective of this work is to investigate the effect of sodium caseinate concentration on some
physical-chemical properties of coating solutions and films obtained by casting as a starting point for
the development of an active coating for minimally processed fruits or vegetables. Minimally processed
fennels were considered as a study case to evaluate the effect of composition and viscosity of sodium
caseinate solutions on coating thickness on fennel, after the dipping phases. The antioxidant properties
of active sodium caseinate coating, added with gallic acid or rosemary oil, were also evaluated.
2. Materials and Methods
2.1. Materials
Sodium caseinate from bovine milk, glycerol and chloridric acid (HCl) were purchased from
Sigma-Aldrich (Milan, Italy). Fennel heads (Foeniculum vulgare Mill. subsp. vulgare var. azoricum cv
Augusto and Tiziano) were cultivated in Puglia and Calabria and supplied by Commerciale Export
Company (Pagani, Italy). Fennel heads were stored at 4 ◦C in a refrigerated chamber for 24 h
before testing.
2.2. Coating/Film-Making Procedure
The composition of solutions for the coating or film preparation is reported in Table 1.
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Table 1. Composition of coating/film (sodium caseinate (SC), glycerol (Gly), gallic acid (GA), rosemary
essential oil (REO)) and activation energy (E), and the pre-exponential factor of Arrhenius-type equation
(η0). n.a. = not available data
Code Sample SC Gly GA REO E η0
g/100 mL g/100 mL g/100 mL mL/100 mL kJ·mol−1 Pa·s
SC + GA 4 0.4 0.005 – n.a. n.a.
SC + REO 4 0.4 – 1.5 n.a. n.a.
SC 4% 4 0.4 – – 20.06 13.9
SC 8% 8 0.8 – – 30.23 16.6
SC 10% 10 1.0 – – 31.11 16.3
SC 12% 12 1.2 – – 37.21 17.7
SC 14% 14 1.4 – – 46.45 20.3
Sodium caseinate (SC) solutions with protein concentrations at 4%, 8%, 10%, 12%, and 14%
(g·mL−1) were obtained by dispersing SC powder in deionized water and stirring continuously for 4 h
at room temperature. Glycerol (Gly) was added as plasticizer to obtain a Gly/SC weight ratio of 0.1.
Only for SC solution at 4%, gallic acid or rosemary essential oil were added to obtain active
coating. To prepare the active coating, a 4% SC solution was prepared by dissolving the SC powder
in an HCl tris buffer at pH 8 by magnetic stirrer for 4 h at room temperature, then 10% of glycerol,
referred to solid, was added. Then, 0.005 g of gallic acid (GA) powder was dissolved into 1 mL of
HCI tris buffer using a shaking stirrer (IKA™MS 3 Digital Vortex, -Werke GmbH & Co. KG, Staufen,
Germany). Then, the GA solution was added to SC solution (100 mL) and homogenized under stirring
and light protection, to obtain the solution at 50 µg·mL−1 of GA.
A mixture of rosemary essential oil (REO) and Tween 80 (4:1) was added to the SC solution,
to obtain a final concentration of 1.5% (v/v) of REO. The solution was homogenized at 15,500 rpm for
4 min at room temperature by using a rotor-stator homogenizer (UltraturraxR, T 18 IKA, Milan, Italy).
For the films preparation, 5 mL of solutions were poured into Petri dishes (surface of 56.7 cm2)
and dried at 30 ◦C and 50% relative humidity (RH), overnight in circulating air system chamber (MMM
Medcenter Einrichtungen GmbH, Munich, Germany).
2.3. Rheological Analysis
The solution flow curves were acquired as reported in a previous study (see [20]) with small
modifications. A stress-controlled rheometer (HAAKE MARS 40 Rheometer, Thermo Fisher Scientific,
Waltham, MA, USA) equipped with coaxial cylinders (30 mm outer diameter and 26 mm internal
diameter) has been used. Steady shear tests were carried out at 15 ◦C by increasing the shear rate from
1 to 100 s−1.
To study how the temperature affects the viscosity of solutions, viscosity ramp temperature tests
were also carried out, from 15 to 81 ◦C at 7.5 ◦C/min, at constant shear rate of 10 s−1.
An Arrhenius-type equation was applied to describe the effect of temperature on the solution






where η represents the apparent viscosity, η0 the pre-exponential factor, E (kJ·mol−1) the activation
energy, R (J·mol−1·K−1) the universal gas constant, and T (K) the absolute temperature.
The dependence of solution viscosity on SC concentration, calculated at 15, 22.5, and 30 ◦C, can be
described by an empirical power law equation:
η = acb (2)
where c is the SC concentration (w/w%) and a (mPa·s) and b are empirical parameters related to the
molecular weight of protein.
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2.4. Kinetics of Water Desorption
To investigate the effect of the SC concentration on water loss rate and residual water content at
the thermo-hygrometric conditions of the casting or drying operation, the kinetics of desorption of
SC solution at 4%, 8%, 10%, 12%, and 14% (w/v) were determined by using a microbalance system
(DVS Q5000SA, TA Instrument, New Castle, DE, USA). An amount from 42 to 69 mg of each solution
was poured into an aluminum cup and kept at 30 ◦C and 50% of RH until equilibrium (change of
weight <0.001% for 10 min). Residual water content (m) (gH2O/gtot) was expressed as equilibrium
moisture content at 50% of RH.
2.5. Coating Application on Fennel and Thickness Estimation
Fennel head (about 500 g) was washed under tap water and dried with tissue. Subsequently,
the butt end was cut with a sharp knife. Thus, each bulb fennel was dipped by hand into the SC
solutions (4%, 8%, 10%, 12%, and 14% (w/v)) for 2 min and then quickly withdrawn and drained on
metallic grids over the glass vessel containing the solution. The glass vessel was on the top of a balance
accurate to 0.01 g (Mark Ben 3000, Monza, Italia) allowing recording of the SC solution weight over time.
The amount of coating on the fennel at any time was calculated as the difference between the initial
weight of the SC solution in the glass vessel and the weight recorded at the respective draining time.
The thickness of liquid coatings has been estimated as function of sodium caseinate solutions
viscosity and draining time, following the modeling approach for flat plate dip-coating in low capillary
number Newtonian liquids as reported by Cisneros-Zevallos and Krochta [8]. Assuming a spherical
geometry for the fennel and considering that surface tension force is overshadowed by the viscous and










where q was the coating volume (cm3), A is the surface area of the fennel (cm2), r is the fennel radius
(5 cm), η is the viscosity, ρ is the solution density, g is the gravitational acceleration, t is the draining
time, and K is the dimensionless flow factor that can be experimentally determined by linear regression
of Equation (3). The coating volume (q) was calculated as coating weight deposited on fennel (W, g)
divided by the coating density (ρ, g cm−3).
At a given draining time, the dry film thickness on fennel surface (Havg, µm) was estimated as the





Dc = ρchavg1000 (5)
where ρ is the coating solution density (g·cm−3), c is the concentration of solids in solution (g·g−1),
and ρf is the dry film density (g·cm
−3) [8].
2.6. Film Physiochemical Properties





where C is the solution concentration (mg·mL−1), V is the solution volume poured into the petri dish
(mL), and A is the surface area of the petri dish (cm2).
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were wf is the weight of the film (g), A is the film surface area (m2), and x is the film thickness (m).
The color of the film was measured using a colorimeter (Minolta Chroma Meter, CR 300,
Osaka, Japan), at least in five areas randomly chosen. Color was reported as Hunter parameters
L* (from 0 = black to 100 = white), a* (−a* = greenness to + a* = redness), and b* (−b* = blueness to
+ b* = yellowness).
The total color difference (∆E) was also calculated as follows:
∆E =
√
∆L2 + ∆a2 + ∆b2 (8)
where ∆L, ∆a*, and ∆b* are the differences between the samples and reference color parameters
(L = 96.94, a = +0.23, b = +1.85).
Film thickness was measured using a micrometer model H062 with sensitivity of ±2 µm
(Metrocontrol Srl, Casoria, Italy). Five measurements were performed for each sample.
The water vapor permeability (WVP) of the films was evaluated using a gravimetric test according
to Volpe and colleagues [20] by means of Payne permeability cup (Carlo Erba, Milan, Italy), as reported







where dm/dt is the slope of the uptake vapor water curve in the steady state zone, x is the film thickness,
S is the area of film mass-transfer surface (9.89 cm2), and ∆p is the vapor water pressure difference
across film. The results are reported as the average of three replications of each sample.
2.7. Antioxidant Capacity of Bioactive Coating
The DPPH method was used to determine the free radical scavenging capacity of gallic acid,
rosemary essential oil, and their respective bioactive coating. For gallic acid and rosemary essential oil
samples, four different dilutions of analyzed samples in ethanol (96%) were prepared. Then, 2.4 mL of
30 ppm ethanolic solution of DPPH were mixed with 1 mL of sample’s dilution. All samples were
analyzed after 15 min using a spectrophotometer at 517 nm against ethanol as reference. The results
were expressed as inhibition concentration (IC50) in µg·mL−1 [23].
For the bioactive coating, the methods of Hromis et al. [24], with a little modification were
used. Briefly, 2.4 mL of 30 ppm ethanolic solution of DPPH were mixed with 100 mg of bioactive
coating. Samples were stored for 2.5 and 4 h at room temperature in the dark. Then, the samples were
centrifugated for 5 min at 10,000 rpm and filtered by using a 20 µm Whatman filter.
For all samples, the absorbance was measured at 517 nm using a UV–Vis spectrophotometer
(V-550 Jasco Inc., Tokyo, Japan) and pure ethanol as reference. The results were expressed as percentage





where Absc is the absorbance of the control and Abss is the absorbance of the sample.
The assay was carried out in triplicate.
3. Results
3.1. Rheological Analysis
The flow behavior of SC solutions is illustrated in Figure 1A.
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Figure 1. Shear stress versus shear rate of the SC solutions at different concentrations: 4% (■), 8% (●), 
10% (▲), 12% (□), and 14% (♦) (A). Effect of solid concentrations on viscosity at three temperatures: 
15 °C (●), 22.5 °C (▲), and 30 °C (□). Dot lines represent the predicted value from Equation (2) (B). 
Effect of temperature (Arrhenius plot) on the viscosity of SC solutions at concentrations of (a) 4%, (b) 
8%, (c) 10%, (d) 12%, and (e) 14% (C). 
By increasing the shear rate, all samples presented a linear increase in shear stress; therefore, the 
SC solutions behaved as a Newtonian fluid in the investigated SC concentration range. The solutions 
viscosity is strongly affected by the SC concentration, changing from 4 to 14%. The viscosity assumed 
values of 4, 16, 34, 124, and 435 mPa, for SC 4%, 8%, 10%, 12%, and 14%, respectively. Our results 
were in agreement with Hermansson [25] who suggested that the increase in viscosity with 
concentration was due to the amount of swollen, not fully solvated, caseinate particles. Khwaldia and 
colleagues [26] reported that SC solutions exhibited a Newtonian behavior for protein concentrations 
below 9%; beyond which a slightly shear thickening behavior was observed. The pseudoplastic 
behavior can occur in highly solvated dispersed systems. At a low shear rate, the dispersed solute 
molecules or particles form a solvated layer structure, reducing the mobility of the system. High shear 
rate can remove the solvated layers, reducing the size of aggregates, allowing a constant apparent 
viscosity [27].  
The dependence of the viscosity on SC concentration has been well described by Equation (2), 
as shown in Figure 1B. The estimated value of “a” parameter was equal to 1.96 × 10−6, 1.21 × 10−6, and 
6.6 × 10−7 mPa·s at 15, 22.5, and 30 °C, respectively. At higher temperatures it remained constant and 
equal to the value obtained at 30 °C. The b parameter was constant as a function of temperature and 



















































Figure 1. Shear stress versus shear rate of the SC solutions at different concentrations: 4% (), 8% (•),
10% (N), 12% (), and 14% () (A). Effect of solid concentrations on viscosity at three temperatures:
15 ◦C (•), 22.5 ◦C (N), and 30 ◦C (). Dot lines represent the predicted value from Equation (2) (B). Effect
of temperature (Arrhenius plot) on the viscosity of SC solutions at concentrations of (a) 4%, (b) 8%,
(c) 10%, (d) 12%, and (e) 14% (C).
By increasing the shear rate, all samples presented a linear increase in shear stress; therefore, the SC
solutions behaved as a Newtonian fluid in the investig ted SC concentration range. The solutions
viscosity is strongly affected by the SC concentration, changing from 4 to 14%. The viscosity assumed
values of 4, 16, 34, 124, and 435 mPa, for SC 4%, 8%, 10%, 12%, and 14%, resp ctively. Our results were
in agreement with Hermansson [25] who suggested that the increase in viscosity with concentration
was due to the amount of swollen, not fully solvated, caseinate particles. Khwaldia and colleagues [26]
reported that SC solutions exhibited a Newtonian behavior for protein concentrations below 9%;
beyond which a slightly shear thickening behavior was observed. The pseudoplastic behavior can
occur in highly solvated dispersed systems. At a low shear rate, the dispersed solute molecules or
particles form a solvated layer structure, reducing the mobility of the system. High shear rate can
remove the solvated layers, reducing the size of aggregates, allowing a constant apparent viscosity [27].
The dependence of the viscosity on SC c ncentration has been well described by Equation (2),
as shown in Figure 1B. The estimated value of “a” parameter was equal to 1.96 × 10−6, 1.21 × 10−6,
and 6.6 × 10−7 mPa·s at 15, 22.5, and 30 ◦C, respectively. At higher temperatures it remained constant
and equal to the value obtained at 30 ◦C. The b parameter was constant as a function of temperature
and equal to 7.3 for all the temperatures analyzed.
The effect of temperature on solution viscosity was well described by the Arrhenius model
(Figure 1C), and the estimated parameters are reported in Table 1. SC concentration affected the values
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of activation energy (E) and η0 which assumed a higher value at high SC concentration which increased
by increasing the SC concentration. This indicates that the effect of the temperature on the decrease in
viscosity is more accentuated at higher concentrations of sodium caseinate solutions. These results are
in agreement with Barreto et al. [21] who studied the rheological properties of sodium caseinate film
forming solutions, in terms of concentration, temperature, and plasticizer content.
3.2. Kinetics of Water Desorption
The drying rate of SC at 4%, 8%, 10%, 12%, and 14% was equal to 0.0063, 0.00168, 0.00138, 0.00107,
and 0.00105 mgH2O·mgsolids
−1
·min−1·m−2, respectively. These results indicated that the drying rate is
affected by the protein concentration. Indeed, the lower the sodium caseinate concentration, the faster
the drying rate. The difference of drying rate could be explained considering that different amounts
of proteins affect differently the samples’ water activity, which decreases during their dehydration.
However, no differences were observed between SC 12% and SC 14%. All the solution reached
equilibrium after about 430 min (7 h), except for SC 4%, which reached equilibrium after 219 min
(3.6 h). The SC concentration also affected the total amount of water loss; once the equilibrium was
reached, the percentage of water loss expressed for gram of solids, was equal to 96%, 91%, 89%, 86%,
and 84% for 4%, 8%, 10%, 12%, and 14% SC concentrations, respectively. Residual moisture content
(m%) is reported in Table 2.
Table 2. Surface density (ρ), thickness (x), colorimetric parameters (L*, a*, b*, ∆E), residual moisture









SC 4% 3.88 35 ± 5a 96.1 ± 0.2c 0.10 ± 0.06c 2.2 ± 0.5a 1.0 ± 0.3a 10.4 6.0 ± 0.3b 346 ± 17b
SC 8% 7.76 54 ± 9b 95.3 ± 0.6b 0.02 ± 0.13b 2.2 ± 0.5a 1.74 ± 0.6a 12.06 5 ± 2ab 216 ± 35a
SC 10% 9.7 76 ± 17c 95.2 ± 0.8b −0.04 ± 0.12b 2.4 ± 0.5a 1.9 ± 0.9a 11.70 5.0 ± 0.8ab 207 ± 35a
SC 12% 11.64 83 ± 9c 96.5 ± 0.3c −0.10 ± 0.09b 4.7 ± 0.4b 2.9 ± 0.4b 12.75 4.0 ± 0.6a 190 ± 26a
SC 14% 13.58 101 ± 14d 92.8 ± 0.8a −1.82 ± 0.28a 16.3 ± 2.3 c 15.1 ± 2.5c 14.1 8.00 ± 0.09c 204 ± 3a
* means within a column with the same lower-case letter are not significantly different (p > 0.05).
3.3. Amount of Coating Adhered on Fennel and Coating Thickness
Figure 2A shows the average liquid film thickness as function of draining time and viscosity of
the biopolymer solution.
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liquid and dry thickness of coating/film on fennel after draining (Table 3). The average liquid 
thickness on coated fennels estimated changes from 18 to 78 μm increasing the SC concentration from 
4% to 14%. The respectively dry film thickness ranged from 0.62 to 7.2 μm. This dependence is 
justified by viscosity dependence by the solid concentration (Equation (2)). Coating thickness was 
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Figure 2. Fennel liquid film thickness dependence on viscosity, height curvature, density, and draining
time of SC coating solutions at different concentrations (A). Liquid thickness, expressed as ratio between
thickness at time t divided by thickness at time zero, vs. draining time for SC coatings at: 4% (•), 8% (♦),
10% (), 12% (N), and 14% (#) (B).
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The slope of the function is the dimensionless flow constant (K) as reported by Equation (3)
(Table 3).
Table 3. Density of SC solutions (ρ), dimensionless K factor, average liquid film thickness on fennel
(havg), density of SC film (ρf), and average dry coating thickness on fennel (Havg) as function of
SC concentration.
Sample ρ (g·cm−3) K havg (µm) ρf (g·cm−3) Havg (µm)
SC 4% 0.98 13 18 1.14 0.61
SC 8% 0.96 1.91 33 1.33 1.90
SC 10% 0.94 0.92 36 1.35 2.52
SC 12% 0.93 0.97 74 1.37 6.06
SC 14% 0.92 0.58 78 1.40 7.20
The K constant was affected by SC solutions’ concentration and it decreased as the concentration
increased. K value has been reported as dependent on the type of solution and surface used [28],
whereas Cisneros-Zevallos and Krochta, [8] showed that it was independent by biopolymer solution
(1%–4%) and to assume a constant value of 0.7 for hydroxypropyl methyl cellulose (HPMC) solution.
Our results indicated that the average liquid film thickness on coated fennel is a function of viscosity,
density of the biopolymer solution, and draining time. Liquid film thickness (havg) decreases as
draining time increases and increases with solution viscosity (Figure 2B). After 400 s draining time,
there was no apparent change in the liquid thickness, thus this time (tf) was used to estimate the liquid
and dry thickness of coating/film on fennel after draining (Table 3). The average liquid thickness
on coated fennels estimated changes from 18 to 78 µm increasing the SC concentration from 4% to
14%. The respectively dry film thickness ranged from 0.62 to 7.2 µm. This dependence is justified by
viscosity dependence by the solid concentration (Equation (2)). Coating thickness was reported to
be in the range of 0.08 to 2.1 µm for HPMC solution [8] and 4.5 to 13 µm for semperfresh™ sucrose
polyester solution [7].
3.4. Physiochemical Properties and WVP
The solid surface density and the thickness of the film are reported in Table 2. Our results
showed that, by increasing the SC concentration, both the solid surface density and the film thickness
increased. For the thickness there were significant differences between different concentrations of SC
(p < 0.05). Lower thickness values were reported by Schou et al. [29] and Longares and co-workers [30];
the differences with our results could be due to the higher Gly/SC they used at 0.16 and 0.32, respectively.
The sodium caseinate film appeared homogeneous and transparent, but as the concentration of
SC increased, the whitish color of the film increased. The color parameters are summarized in Table 2:
∆E is a global indicator of color changes and it varied from 1.03 ± 0.31 for SC 4% to 15.12 ± 2.47 for the
sample with SC 14%; this last sample showed significantly higher ∆E compared to the other samples
(p < 0.05). This parameter was found to be lower than those reported by Volpe and colleagues [20];
since they investigated chitosan-sodium caseinate blend films at different concentrations, the different
value ∆E was due to the presence of chitosan in their films.
Film moisture content was in the range of 10% to 14.1% for SC solution from 4% to 14%. Similar
results were reported by Schou et al. [29] for about 10 (g water/100 g film), even though they used
more diluted SC solutions.
The water vapor transmission rate (WVTR) and water vapor permeability (WVP) values are
reported in Table 2. As general trend the WVTR decreased as the concentration of SC increased,
although there were no significant differences among the samples, except for SC 4% which had a
statistically different value (346 ± 17 g·m−2·day−1) (p < 0.05). Poor water vapor barrier of films is
related to their hydrophilic nature, which lets water vapor molecules dissolve and pass through the
film matrix [31].
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Our results are similar to those reported by Brzoska and co-workers [32], who studied films made
with a 10% SC solution, with a Gly/SC ratio of 0.66. They reported a WVTR of 200 g m−2 day−1 at 20 ◦C
and 50% RH.
Comparing the films in terms of permeability, film at 8%, 10%, and 12% showed comparable
value of about 5 × 10−11 g·m−1·s−1·Pa−1, whereas film at 4% and 14% showed the highest WVP values
(p < 0.05). However, our results of WVP were in the same order of magnitude as that reported in
previous studies [3,31,33].
3.5. Antioxidant Activity
The IC50 of GA and REO is 23.9 µg/mL and 14.7 mg/mL, respectively. The geographical origin
has been shown to affect the antioxidant capacity of REO which assumed a value in the range of
16.45 mg/mL to 23.8 mg/mL if was from China or the Mediterranean region. The GA IC50 value
determined in this work was slightly lower than the one reported by Khan and colleagues [34] who
found that the IC50 of gallic acid was equal to 19.0 µg/mL. The DPPH radical scavenging capacity of
SC solution with GA (SC/GA) and REO (SC/REO) is shown in Figure 3.Coatings 2020, 10, x FOR PEER REVIEW 10 of 13 
 
 
Figure 3. Antioxidant activity, inhibition (%) of film forming solutionof sodium caseinate (    ), 
sodium caseinate/gallic acid 50 μg/mL (    ), and sodium caseinate/rosemary essential oil 1.5% (     
)(w/v ), after 2.5 and 4 h of contact with DPPH radicals at room temperature. 
Generally, the antioxidant activities increased by the addition of gallic acid and rosemary 
essential oil. The lowest inhibition (I%) was detected for SC, which assume a value of 5.9% ± 1.5%, 
after 2.5 h and 13% ± 0.3%, after 4 h. When GA was added to the SC solution, I% reached a value of 
79.3% ± 0.4%, after 2.5 h, and then remained constant. In the case of SC/REO, the I% increased to 
48.1% ± 0.3%, after 2.5 h and up to 52.9% ± 0.2%, after 4 h.  
Comparing the IC50 value of REO and I% of SC/REO, the results showed that SC/REO have an 
antioxidant activity close to the activity of pure REO at the same concentration. In fact, we used a 
quantity of REO in the film to get a 50% of I% and by including the REO in the CS, the antioxidant 
activity was confirmed. This result suggests that all the H+ of the REO were donated to the DPPH 
radicals after 4 h. For GA, the antioxidant activity measured when GA was included in SC is lower 
than the theoretical one expected. In fact, the quantity of GA used was the double of the IC50 value, 
thus a 100% DPPH inhibition was expected. The lower antioxidant capacity measured when the 
active compound is dispersed in SC coating can be justified by the interaction between SC and GA 
that reduces the available active site of GA [35,36]. 
4. Conclusion  
Sodium caseinate solutions followed a Newtonian behavior and the dependence of the viscosity 
by solids concentration was well described by a power law. Hence, the dependence of viscosity by 
temperature was well described by an Arrhenius-type equation and both activation energy (E) and 
η0 increased by increasing the SC concentration. Physical principles applied to dip-plate coating were 
applied to food coating system. Results highlighted that viscosity affected the liquid and dry coating 
thickness which ranged between 20 and 70 and 0.7 and 6.4 μm, respectively, for SC samples between 
4% and 14%. Thus, to compare coating performance or to choose the optimal coating composition is 
not appropriate to consider only the solid concentration, but rheological properties of solution must 
be known. The solid concentration affects the drying rate too. It was found to be in the range of 
0.0063–0.00107 mgH₂O·mgsolids−1·min−1·m−2 by increasing the SC concentration. Results on antioxidant 
activity of the bioactive coating were very good, highlighting that sodium caseinate can be a good 
substrate for dispersion active compounds, mainly for rosemary essential oil, for the developing of 
bioactive coating. More investigations are needed to validate the results obtained in terms of coating 
thickness and to evaluate the efficacy of the coating for preserving food quality.  
Figure 3. Antioxidant activity, inhibition (%) of film forming solutionof sodium caseinate (
Coatings 2020, 10, x FOR PEER REVIEW 10 of 13 
 
 
Figure 3. Antioxidant activity, inhibition (%) of film forming solutionof sodium caseinate (    ), 
sodium caseinate/gallic acid 50 μg/mL (    ), and sodium caseinate/rosemary essential oil 1.5% (     
)(w/v ), after 2.5 and 4 h of contact with DPPH radicals at room temperature. 
Generally, the antioxidant activities increased by the addition of gallic acid and rosemary 
essential oil. The lowest inhibition (I%) was detected for SC, which assume a value of 5.9% ± 1.5%, 
after 2.5 h and 13% ± 0.3%, after 4 h. When GA was added to the SC solution, I% reached a value of 
79.3% ± 0.4%, after 2.5 h, and then remained constant. In the case of SC/REO, the I% increased to 
48.1% ± 0.3%, after 2.5 h and up to 52.9% ± 0.2%, after 4 h.  
Comparing the IC50 value of REO and I% of SC/REO, the results showed that SC/REO have an 
antioxidant activity close to the activity of pure REO at the same concentration. In fact, we used a 
quantity of REO in the film to get a 50% of I% and by including the REO in the CS, the antioxidant 
activity was confirmed. This result suggests that all the H+ of the REO were donated to the DPPH 
radicals after 4 h. For GA, the antioxidant activity measured when GA was included in SC is lower 
than the theoretical one expected. In fact, the quantity of GA used was the double of the IC50 value, 
thus a 100% DPPH inhibition was expected. The lower antioxidant capacity measured when the 
active compound is dispersed in SC coating can be justified by the interaction between SC and GA 
that reduces the available active site of GA [35,36]. 
4. Conclusion  
Sodium caseinate solutions followed a Newtonian behavior and the dependence of the viscosity 
by solids concentration was well described by a power law. Hence, the dependence of viscosity by 
temperature was well described by an Arrhenius-type equation and both activation energy (E) and 
η0 increased by increasing the SC concentration. Physical principles applied to dip-plate coating were 
applied to food coating system. Results highlighted that viscosity affected the liquid and dry coating 
thickness which ranged between 20 and 70 and 0.7 and 6.4 μm, respectively, for SC samples between 
4% and 14%. Thus, to compare coating performance or to choose the optimal coating composition is 
not appropriate to consider only the solid concentration, but rheological properties of solution must 
be known. The solid concentration affects the drying rate too. It was found to be in the range of 
0.0063–0.00107 mgH₂O·mgsolids−1·min−1·m−2 by increasing the SC concentration. Results on antioxidant 
activity of the bioactive coating were very good, highlighting that sodium caseinate can be a good 
substrate for dispersion active compounds, mainly for rosemary essential oil, for the developing of 
bioactiv  coating. More investigations are needed to validate the results btained in term of coating 
thickness and to evaluate the efficacy of the coating for preserving food quality.  
),
i i t / lli aci 50 µg/mL (
Coatings 2020, 10, x FOR PEER REVIEW 10 of 13 
 
 
Figure 3. Antioxidant activit , hibit on (%) of film for ing solutionof sod um caseinate (    ), 
sodium caseinate/gallic acid 50 μg/mL (    ), and sodium caseinate/rosemary essential oil 1.5% (     
)(w/v ), after 2.5 and 4 h of contact with DPPH radicals at room temperature. 
Generally, the antioxidant activities increased by the addition of gallic acid and rosemary 
essential oil. The lowest inhibition (I%) was detected for SC, which assume a value of 5.9% ± 1.5%, 
after 2.5 h and 13% ± 0.3%, after 4 h. When GA was added to the SC solution, I% reached a value of 
79.3% ± 0.4%, after 2.5 h, and then remained constant. In the case of SC/REO, the I% increased to 
48.1% ± 0.3%, after 2.5 h and up to 52.9% ± 0.2%, after 4 h.  
Comparing the IC50 value of REO and I% of SC/REO, the results showed that SC/REO ave an 
antioxidant activity close to the activity of pure REO at the same concentration. In fact, we used a 
quantity of REO in the film to get a 50% of I% and by including the REO in the CS, the antioxidant 
activity was confirmed. This result suggests that all the H+ of the REO were donated to the DPPH 
radicals after 4 h. For GA, the antioxidant activity measured when GA was included in SC is lower 
than the theoretical one expect d. In fact, the quantity of GA used was the double of the IC50 value, 
thus a 100% DPPH inhibition was expected. The lower antioxidant capacity measured when the 
active compound is dispersed in SC coating can be justified by the interaction between SC and GA 
that reduces the available active site of GA [35,36]. 
4. Conclusion  
Sodium caseinate solutions followed a Newtonian behavior and the dependence of the viscosity 
by solids concentration was well described by a power law. Hence, the dependence of viscosity by 
temperature was well described by an Arrhenius-type equation and both activation energy (E) and 
η0 increased by increasing the SC concentration. Physical principles applied to dip-plate coating were 
applied to food coating system. Results highlighted that viscosity affected the liquid and dry coating 
thickness which ranged between 20 and 70 and 0.7 and 6.4 μm, respectively, for SC samples between 
4% and 14%. Thus, to compare coating performance or to choose the optimal coating composition is 
not appropriate to consider only the solid concentration, but rheological properties of solution must 
be known. The solid concentration affects the drying rate too. It was found to be in the range of 
0.0063–0.00107 mgH₂O·mgsolids−1·min−1·m−2 by increasing the SC concentration. Results on antioxidant 
activity of the bioactive coating were very good, highlighting that sodium caseinate can be a good 
substrate for dispersion active compounds, mainly for rosemary essential oil, for the developing of 
bioactive coating. More investigations are needed to validate the results obtained in terms of coating 
thickness and to evaluate the efficacy of the coating for preserving food quality.  
), nd sodium casein te/rose ary ess ntial oil 1.5% (
Coatings 2020, 10, x FOR PEER REVIEW 10 of 13 
 
Figure 3. An oxidant activity, i hibition (%) of film formi g lutio f odium caseinate (    ), 
odium caseinate/gallic acid 50 μg/mL (    ), and odium caseinate/rosem ry essential oil 1.5% (     
)(w/v ), after 2.5 and 4 h of contact with DPPH adicals at room t mperature. 
Gen r lly, the antioxidant activities increased by the addition of gallic acid and rosemary 
essentia  oil. The lowest inhibition (I%) was detected for SC, which ass me a value of 5.9% ± 1.5%, 
after 2.5 h and 13% ± 0.3%, after 4 h. When GA was added t  the SC solution, I% re ched a value of 
79.3% ± 0.4%, after 2.5 h, and then remained constant. In the case of SC/REO, the I% increased to 
48.1% ± 0.3%, after 2.5 h and up to 52.9% ± 0.2%, after 4 h.  
Comparing the IC50 value of REO and I% of SC/REO, the r sults showed tha  SC/REO hav  an 
antioxidant activity close to the activity of pure REO at the same conce tr tion. In fact, we used a 
quantity of REO in the film to get a 50% of I% and by including the REO in the CS, the antioxidant 
ctivity was confirm d. This result suggests that all the H+ of the REO w re donated to the DPPH 
radicals after 4 h. For GA, the antioxidant activity measured when GA was cluded in SC is lower 
tha  the theoretical one expe ted. In fact, the quantity of GA us d was the double of the IC50 value, 
thus a 100% DPPH inhibition was exp cted. The l wer antioxidant capacity measured when the 
active compound is dispersed in SC coating can be justified by the int raction between SC and GA 
tha  r duces th vailable active site of GA [35,36]. 
4. Conclusion  
Sodium cas inate s luti ns follo ed a Newton an behavior and the d pend nce f the viscosity 
by solids co centration was well described by  pow r law. Henc , th  d pendence of viscosity by 
temperature was well described by an Arrh nius-type equation nd both activation energy (E) and 
η0 increas d by increasing th  SC co centration. Physical princ ples ap lied o dip-plate coating were 
applied to food coating system. Results hig lighted that viscosity affected the liquid and dry coating 
thickness which ranged between 20 and 70 and 0.7 and 6.4 μm, respectively, for SC samples between 
4 and 14%. Thus, to c mpare coating performance or to choose the ptimal coating composition is 
not appropriate to consid r nly the solid co centration, but rheological properties of solution must 
be known. The solid c centra ion affects the drying rate too. It was found to be in the range of 
0.0 63–0.00107 mgH₂O·mgsolids 1·min−1·m−2 by increasing th  SC co centration. Results on antioxidant 
activity of th bioactive coating were very good, highlighting that sodium seinate can be a good 
substrat  for dispersion active compounds, mainly for ros mary essential oil, for the developing of 
bioactive c ating. More nvestigations are needed to validate the results obtained in terms of coating 
thickness and to evaluate the efficacy of the coating for preserving food quality.  
)
(w/v ), after 2.5 and 4 h of contact with DP H radicals at ro m temperature.
Generally, th anti xida t activ ties increased by the a dition of g llic acid and r semary essential
oil. The lowest inhibition (I ) was detected for SC, which assume a value of 5.9% ± 1.5%, after 2.5 h
and 13% ± 0.3%, after 4 h. When GA was added to the SC solution, I% reached a value of 79.3% ± 0.4%,
after 2.5 h, and then remained constant. In the case of SC/REO, th I% increased to 48.1% ± 0.3%,
after 2.5 h an up to 52.9% ± 0.2%, after 4 h.
Comparing the IC value of REO and I% of SC/REO, t results showed that SC/REO have an
antioxidant activity close to the activity of pure REO at the sa e conce tration. In fact, we used a
quantity of REO in the film t get a 50% of I% and by including the REO in t e CS, the antioxidant
activity was confir ed. This result suggests t a all t e H+ of he REO were onate to the DPPH
radicals aft r 4 h. For GA, the antioxid nt activity measured when GA was included in SC is lower
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4. Conclusions
Sodium caseinate solutions followed a Newtonian behavior and the dependence of the viscosity
by solids concentration was well described by a power law. Hence, the dependence of viscosity by
temperature was well described by an Arrhenius-type equation and both activation energy (E) and η0
increased by increasing the SC concentration. Physical principles applied to dip-plate coating were
applied to food coating system. Results highlighted that viscosity affected the liquid and dry coating
thickness which ranged between 20 and 70 and 0.7 and 6.4 µm, respectively, for SC samples between
4% and 14%. Thus, to compare coating performance or to choose the optimal coating composition is
not appropriate to consider only the solid concentration, but rheological properties of solution must
be known. The solid concentration affects the drying rate too. It was found to be in the range of
0.0063–0.00107 mgH2O·mgsolids
−1
·min−1·m−2 by increasing the SC concentration. Results on antioxidant
activity of the bioactive coating were very good, highlighting that sodium caseinate can be a good
substrate for dispersion active compounds, mainly for rosemary essential oil, for the developing of
bioactive coating. More investigations are needed to validate the results obtained in terms of coating
thickness and to evaluate the efficacy of the coating for preserving food quality.
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